Both rainfall and wind have acoustic signatures that can be discerned at depths in the ocean well below the sea surface. We examine observations of rainfall and wind speed collected at a depth of 600 m in the Bay of Bengal from a specially modified Argo profiling float. In addition to the normal Argo sensors, the float carried a passive acoustic listener sensor package that monitored the spectrum of acoustic noise along the float trajectory at intervals of a few minutes and used a set of existing algorithms to estimate the wind speed and rainfall rate from these noise spectra. A comparison of the acoustically derived wind speed and rainfall estimates with analogous satellite-derived data (rainfall from the Tropical Rainfall Measuring Mission and QwikScat winds) showed general agreement in both cases, although the float-based measurements were representative of conditions a few kilometers around the float, whereas the remotely sensed observations were smoothed over much larger length scales. The strong monsoon signal in the Bay of Bengal is clearly present in the float-based wind and rainfall data. The near-surface salinity measured by the float varied because of both rainfall events and the proximity to strong coastal runoff from major rivers. The float profiles of temperature and salinity in the upper ocean, and the effects of wind and rainfall, were simulated in a version of the Price-Weller-Pinkel mixed-layer model, which showed that the direct effects of most rainfall events are concentrated in the upper 20-30 m of the water column.
The study of the climate system of the earth necessarily involves investigation into the processes that govern the interaction of the ocean and the atmosphere at the sea surface. In recent decades our ability to observe the largescale ocean, and hence to observe this interaction, has improved greatly, with global, nearly real-time measurements of sea-surface temperature, wind, rainfall, and ocean color available. Detailed planning is presently underway to measure sea-surface salinity from space. Thus, the most basic parameters necessary for examining large-scale ocean atmosphere interaction are, or soon will be, in place.
Our ability to examine the subsurface ocean on global scales and in real time has also improved, owing to the advent of the international Argo program in the earliest years of the 21st century (Roemmich et al. 2004 ). The goal of this program has been to deploy approximately 3000 profiling floats over the world ocean that collect vertical profiles of temperature and salinity in the upper 2000 m of the ocean, and then transmit the measurements to shorebased centers in real time, with the data then publicly available within a day of collection. With the satellite data and the concomitant Argo observations, we now have a global, real-time observing system that can monitor the state of the lower atmosphere and upper ocean, which should eventually lead to vastly improved understanding of atmosphere-ocean interaction and improved climate models.
The monsoons of the Indian Ocean are an example of particularly strong ocean-atmosphere interaction over basin scales. As satellite-derived wind data clearly show ( Fig. 1) , the large-scale wind field in the northern Indian Ocean reverses between boreal summer and winter, leading to changes in the basin-scale ocean circulation. In the Arabian Sea, the Bay of Bengal, and along the coast of east Africa significant changes in the wind field drive strong modulations in the ocean currents in these regions. At the same time, the seasonal cycles of heating, evaporation, and precipitation lead to large-scale changes in the temperature and salinity of the upper ocean, as can be seen in Fig. 2 ; this figure has been constructed by using all available near-surface temperature and salinity data from Argo floats in the Indian Ocean deployed between 2003 and mid-2007. The surface water in the Bay of Bengal, always fresher than other regions of the Indian Ocean because of continental runoff, shows especially low salinities in the boreal autumn and winter. These low salinities are in phase with the seasonal cycle of runoff of rivers, especially the Ganges, in and around the Bay of Bengal (Yaremchuk et al. 2005) . Although the mean surface salinity over the Indian Ocean basin over the year is around 35 (defined on the 1978 practical salinity scale, hereafter PSS-78), the wintertime salinity in the Bay of Bengal can be as low as 30.
The monsoonal variability in the lower atmosphere and upper ocean leads to changes in upper-ocean circulation in the Bay of Bengal, as shown in Fig. 3 . These streamfunction maps were constructed using subsurface velocity, temperature, and salinity data from Argo floats in the region and represent the absolute geostrophic velocity near the sea surface. Note the change in the direction of the circulation in the northwestern Bay of Bengal: in summer, there is a generally cyclonic (counterclockwise) gyre centered on 15uN, whereas in winter the gyre reverses, owing to changes in the direction of the prevailing winds and variability in the discharge of freshwater from rivers along the coast.
The mapped large-scale distributions of ocean surface properties shown in Figs. 1-3 demonstrate the power of the present global observing systems. Yet the full exploitation of these systems requires additional data: collection of in situ observations is necessary for validation of the satellitederived data, and, additionally, data that resolve variability at length scales of a few kilometers (as opposed to the tensor hundreds-of-kilometers resolution in the satellite-derived products) are potentially useful to examine the details of the processes of air-sea interaction. In this paper we discuss an attempt to collect some of these additional observations (wind speed and rainfall) and an example of analyses that might be possible using these additional data.
In 2004, we deployed an Argo float in the Bay of Bengal equipped with an auxiliary sensor capable of measuring wind speed and rainfall via acoustic methods. Similar sensors have been used previously in moored applications (Nystuen et al. 2000) , and it was thought that a profiling float would be an especially good place to test such a sensor, owing to the very low acoustic noise presumably present in a quasi-Lagrangian setting. Since profiling floats move roughly along the same paths as water parcels, there is usually little relative flow past these instruments, and hence little acoustic noise. In moored (Eulerian) applications, on the other hand, flow past the sensors and vibrations associated with the motion of the mooring lead to inherently much higher levels of acoustic noise. The analysis of the data from the float in the context of oceanatmosphere interaction and the monsoon cycle in the Bay of Bengal is the subject of this paper.
Methods
Many processes active at the ocean surface have strong acoustic signatures. In particular, the processes associated with precipitation and wave breaking are the principal sources and modifiers of underwater sound in the frequency band from 500 to 50,000 Hz. From knowledge of the ambient sound field in the ocean it is possible to make quantitative estimates of rainfall and wind speed. Many papers in the refereed literature have shown relationships between wind speed, the surface wave field (wave breaking, whitecaps, etc.) generated by the wind, and the ambient acoustic noise field in the ocean. Using these ideas, several investigators have built and deployed moored and bottom-mounted instruments that have been used to make quality measurements of the ambient noise field to infer the local winds (Evans et al. 1984) .
Rainfall, also detectable acoustically (Nystuen 2001) , is responsible for a unique underwater acoustic signal that can be easily distinguished from breaking waves and other common sound producers (i.e., biological sources), and the sound levels produced by rain are much louder, by orders of magnitude, than other sources. This allows detection of rainfall at sea, even during periods of loud background noise conditions, as has been demonstrated by Nystuen and Farmer (1989) and Black et al. (1997) . Different types of rainfall (convective, heavy rainfall vs. stratiform drizzles) are composed of different distributions of raindrop sizes, and laboratory studies of the physics of individual realistic raindrops have identified unique sound generation mechanisms associated with different raindrop scales (Medwin et al. 1992; Nystuen and Medwin 1995) . The measured underwater sound field can be decomposed into these unique sounds, allowing quantitative estimations of the drop size distributions within the rain (Nystuen 1996 (Nystuen , 2001 ). Thus, different types of rainfall can be identified (Black et al. 1997) . Additionally, the precise estimation of the raindrop size distribution provides a quantitative measure of the rainfall rate, and such estimates have been shown to compare well with estimates from other types of rain gauges (Nystuen 1999) .
At-sea measurements of precipitation obtained from ocean moorings (Nystuen et al. 2000; Nystuen 2001) show that rainfall can be reliably detected and quantified using acoustic methods. The instrumentation packages that were used in those studies, now known as passive acoustic listeners (PAL) (in the past they were known as acoustic rain gauges), operate by sampling the underwater sound field over a specified interval, evaluating the acoustic spectrum, identifying the geophysical source of the sound, quantifying the source of the sound, and storing the results. In the work reported here, we adapted a PAL unit for use on an APEX-type profiling float that was constructed at the University of Washington from components purchased from Webb Research Corporation. The PAL consisted of a ITC-8263 hydrophone located on the float end cap adjacent to the conductivity, temperature, and pressure sensors, and an internal circuit board and battery pack. This is a broadband, low-noise hydrophone with a sensitivity of 2160 db relative to 1 v(mPa) 21 and an effective bandwidth of 300-40,000 Hz. The electrical selfnoise of the system is equivalent to 30 db relative to 1 (mPa) 2 Hz -1 , which is less than the ocean's total ambient acoustic noise level when the ocean surface is in sea state zero (mechanical and thermal noise sources inside the instrument that could potentially contribute to the noise are quite low during the acoustic sampling period, since the acoustic samples are acquired during the instrument's drift phase when all pumps are turned off and the electronics are powered down to a minimum level). The noise level of rainfall is regularly tens of decibels above this weak internal noise background. The PAL used a TT8 Tattletale computer as a processor, which has a low power mode designed for long deployments, a necessary requirement for use on Argo floats. The PAL operated while the float was submerged. In Argo, most floats are parked near 1000 m, where they drift passively over intervals of 10 d, then collect conductivity (salinity) and temperature profiles as functions of pressure (commonly known as CTD profiles) while ascending to the sea surface over the course of a few hours; on the surface, the floats upload their data to a satellite, then descend back to their parking depth. Although most floats used in Argo are ballasted for a parking depth of 1000 m, the float used in this study was parked at a depth of 600 m because of the unusually large buoyancy difference between deep and surface waters in the Bay of Bengal.
The acoustic data from the float were collected during the interval between profiles, while the float was drifting passively at a depth of 600 m. The sampling was carried out to produce an estimate of wind speed and rainfall in each 3-h interval during the 10-d drift period between CTD profiles. The acoustic sampling procedure in each of these 3-h intervals was carried out in several steps aboard the float. The first step was to collect four short time series digitized at 100 kHz (with 1024 points in each time series, yielding a total length for each of the series of about 0.01 s), with the time series separated in time by 5 s. These four time series were Fourier transformed and each was averaged in the frequency domain, to reduce the frequency resolution to 1 kHz over the operating bandwidth of 100 Hz to 50 kHz. The four spectra were then compared to check for nonstationary transient sounds within the 15-s sampling window. If a nonstationary sound was detected (i.e., the four spectra were statistically different), the entire sample was rejected as unwanted noise, and another set of four time series was recorded. If the sound sample was stationary over the 15-s window, then the four spectra were averaged together to obtain a single averaged spectrum with estimates in 50 frequency bands from 100 Hz to 50 kHz. This averaged spectrum was retained for further processing aboard the float.
A multivariable spectral analysis technique that examined absolute sound levels and slopes within parts of the averaged spectrum was used to classify the sound source as wind, drizzle, rain, or unidentified noise, using the algorithms explained in detail by Ma and Nystuen (2005) . The delay time to the next acoustic sample (i.e., the next set of four time series) was determined on the basis of the results of this classification. The waiting time to the next set of samples was set to be relatively short (1 min) if the sound source was classified as rain or unidentified noise, and longer (9 min) if the sound source was classified as wind. This allowed the system to save energy, as generally wind has a longer timescale of variation than rain or unknown noise (as a result of the adaptive nature of this sampling, a variable number of acoustic samples is recorded and identified over a 3-h period); a similar approach was used successfully by Ma and Nystuen (2005) . At the end of each 3-h time period, the percentage of time that each type of acoustic signature was present was complied and stored as a message for transmission after the end of the 10-d float drift period. The average wind speed for the 3-h period was calculated from ''wind only'' samples, and the total rainfall was estimated from the ''rain'' samples. At the end of the 10-d drift phase the acoustic sampling system was turned off, and the float began its ascent to the sea surface, where the data were transmitted using the ARGOS system. The acoustic sampling procedure was reinitiated once the float transmitted its CTD and acoustic data and descended back to its 600-m drift depth.
The wind-and rainfall-generated acoustic energy arriving at the float originates within a cone above the float, with the location of the float being the apex of the cone. Field results from moorings (Nystuen et al. 2007 ) suggest that the acoustic energy arriving at a subsurface, moored hydrophone at a depth H is generated in an inverted cone with a base at the sea surface of radius nH, where n is somewhere between 3 and 5. We conclude that for a float at a depth of 600 m, the acoustic signals associated with wind and rainfall arriving at the float likely originated at the sea surface inside a circle of 3-km radius (or less), centered on the position of the float; the signals are thus associated with local wind and rain events.
The PAL-equipped Argo float (known as UW Argo float 0006, with World Meteorological Organization identification number 2900107) was deployed in the Bay of Bengal in September 2004. The PAL worked flawlessly through December 2005, until the PAL's self-contained batteries were exhausted. The ultimate failure of the PAL unit had no effect on the regular Argo portion of the float mission, and the float continues to profile normally and to return useful CTD profiles through April 2008, more than 3K yr after deployment. The trajectory of the float (Fig. 4) shows strongly time-dependent motion at 600 m in the Bay of Bengal, consistent with the seasonal changes in the circulation associated with the monsoons as shown in Fig. 3 . The PAL-inferred rainfall and wind speed along the trajectory (Fig. 5a) show the strong seasonality in these parameters. During the autumn of 2004 there were a number of strong rainfall events, with rainfall rates in excess of 10 mm h 21 ; these rainfall events were associated with the southwest monsoon, as can be seen in It is useful to examine the float-based PAL rainfall and wind speed data in the context of other independent estimates of these quantities. We have compared the PAL measurements with rainfall estimates from the National Aeronautics and Space Administration Tropical Rainfall Measuring Mission (TRMM), as shown in Fig. 6 . The specific data chosen for comparison here are collectively known as the TRMM 3B42 data product and consist of blended (i.e., derived from the TRMM satellite and terrestrial rain gauges) estimates of rainfall at 3-h intervals on a 0.25u grid between 50uS and 50uN. The TRMM rainfall estimates shown in Fig. 6 were constructed by linearly interpolating the 3B42 data product in space and time onto the float trajectory shown in Fig. 4 . As is evident in Fig. 6 , the float rainfall data and TRMM estimates generally agree very well. In most cases rainfall events are concurrent in the two data sets, although there are differences in the amplitudes of the rainfall signal. This is not surprising considering the differences in the nature of the estimates. Recall that the float-based rainfall estimates are based on acoustic signals generated inside a circle of radius 3 km centered on the float position, whereas the TRMM estimates are gridded at 0.25u (approximately 25 km) intervals and then interpolated to the float position. Although the two methods smooth the rainfall field over quite different spatial scales, they tend to agree on the timing and frequency of most rainfall events. Overall, the correlation between the PAL and TRMM rainfall is 0.12 and is not significant. Yet this low correlation is largely due to the fact that in many cases the two systems do not measure rain events concurrently (one system senses rain, whereas the other records a value of zero), even though they tend to see similar events within a day or two of each other. This is summarized in Table 1 , where it can be seen that the two systems measured nearly the same number and strength of rain events over the 13-month period; the measurements from the two systems also resulted in similar estimates of the annual rainfall.
The spatial structure of rainfall events over the Bay of Bengal (and an example of the potential differences in float-based and satellite-based rainfall observations) can be seen in the rainfall event in the bay on 29 September 2004, shown in Fig. 7 (this event can also be seen as a relatively minor rain occurrence in the PAL rainfall shown in Fig. 5 ). This is a typical example of a tropical squall line: major rain-containing storm events occur near 12uN, 83uW and 16uN, 90uW in the Bay of Bengal, and these storms are connected by a band of rain squalls that stretches over 7-8u of longitude. The float-based PAL on 29 September (Fig. 7) sensed the rainfall out to a radius of a few kilometers, whereas the TRMM estimates of rainfall were smoothed over scales of 25 km and larger. It is clear from For the wind, we have compared the float-based wind estimates to winds obtained from the QwikScat mission. The QwikScat wind estimates were gridded at 6-h intervals on a 2.5u 3 2.5u global grid. For this comparison, the QwikScat winds have been linearly interpolated in space and time onto the float trajectory shown in Fig. 4 . The results of the comparison (Fig. 8) show generally good qualitative agreement: in the autumn of 2004 and late summer and autumn of 2005 both data sets show relatively high winds, and from January through July 2005 both show relatively weak winds. The two data sets generally are consistent to within 2-3 m s 21 for wind speeds less than 10 m s 21 , with QwikScat wind speeds higher than the PALderived winds by a greater amount at higher winds speeds (see the scatter plot of the two data sets in Fig. 9 ). This is consistent with the results of Vagle et al. (1990) , who noted that the physical processes responsible for generating the acoustic signature of wind events become more complex at wind speeds greater than about 10 m s 21 , resulting in more difficulties in interpreting acoustic spectra in terms of wind speed. In general, given the differences in averaging length scales and timescales between the float and the QwikScat winds, and the difficulties in interpretation of the PAL winds at speeds above 10 m s 21 , the two wind data sets seem to show adequate agreement. 
Results
The depth-dependent evolution of salinity and temperature along the float trajectory (Fig. 5a,b) shows strong upper-ocean seasonality; during the spring of 2005 (MarchJune) a strong seasonal thermocline that penetrated to nearly 100 m developed in both temperature and salinity, owing to strong atmospheric heating and relatively high surface salinity. By the fall of 2005 (September-December), with the onset of numerous rain events, the near-surface ocean cooled and freshened, forming a relatively thin, stable, highly stratified layer approximately 20 m thick near the sea surface. The salinities in this near-surface layer were very low, sometimes below 32 (PSS-78). Several low- salinity events at the sea surface lasting 10 d or less can be seen in Fig. 5b , many of which can be directly associated with rainfall events. This is especially true during the period October-December 2005. Elsewhere in the record, however, strong freshening events can be seen at the sea surface even when no rain has recently fallen. This is especially true of the strong freshening seen in the upper 40 m during January 2005. In this case the salinity fell to values below 32 (PSS-78), even in the dry period during the northeast monsoon. This event (and perhaps those in June and July 2005 as well) was associated with a near-surface layer of very fresh and relatively cold water that originated as river runoff. As can be seen from the float trajectory (Fig. 4) , the profile at location B was collected in mid-January 2005; this coincides with the near-surface low-salinity event in midJanuary that can be seen in Fig. 5b . This explains the observation of very low measured salinity and relatively low temperature even during a period of low rainfall.
Variations in temperature and salinity over the upper 600 m of the water column as measured by the float CTD (Fig. 10) show the effects of the coastal runoff as well. At depths below about 150 m, there appears to be little variability in the temperature-salinity relation. Indeed, the observed tightness of the temperature-salinity relation in this part of the water column is a testament to the quality and stability of the temperature and salinity measurements on this float and most other Argo floats. At depths between 50 and 100 m there is some scatter in the temperaturesalinity relation, likely due to seasonal changes in the nearsurface geostrophic velocity field (as can be seen in the seasonally varying stream function in Fig. 3 ). At depths above 50 m, the lowest salinities are observed during the northeast monsoon, when the flow in the western Bay of Bengal is from the north, bringing low-salinity coastal water derived from riverine input to the southern part of the Bay. This can be seen in Fig. 10 : the very lowest salinities (,30 PSS-78) occurred when the float was nearest the coast at a time of year when river discharge was especially strong (and there were few rainfall events).
Although the PAL sensor unit operated for 13 months after the float was deployed, the float itself and its CTD system continue to function properly several years into their Argo mission (floats are designed to last 4-5 yr). The salinity and temperature as functions of depth and time (Fig. 11a,b) show that the deepening and shoaling of the Model data comparison-As a more quantitative study of ocean-atmosphere interaction using these observations, we have attempted to interpret the float-derived measurements of temperature and salinity in the context of modeled versions of these parameters derived from the PriceWeller-Pinkel (PWP) mixed layer model (Price et al. 1986 ). This is a widely used, one-dimensional model of the ocean surface mixed layer that uses prescribed values of ocean surface heat and freshwater fluxes and wind stress, along with initial profiles of temperature and salinity, to determine the structure and evolution of the upper-ocean mixed layer. The model uses time-dependent estimates of temperature and salinity to estimate density and then integrates the density and momentum equations in time to determine the upper-ocean structure. Small-scale mixing in the model is parameterized by an eddy diffusion coefficient.
It would be highly useful to examine the contributions of wind mixing, surface freshwater fluxes from precipitation and river runoff, surface heating, and deep entrainment to the evolution of the structure of the surface mixed layer in this region. Yet with only the data from a single float we cannot adequately make this assessment. Instead, we have carried out several PWP runs whose results illustrate the importance of the addition of freshwater via precipitation to the evolution of the properties of the local surface mixed layer.
In these studies we have driven the model with surface heat fluxes obtained from the U.S. National Centers for Environmental Prediction (NCEP), surface freshwater flux derived from the rainfall measured by the float, and wind stress estimated using the float-measured wind speed. The NCEP fluxes are available only at weekly intervals and were interpolated to the float positions on a daily basis (not shown here) to be consistent with the wind and rainfall values. A value of 1 cm 2 s 21 was used for the vertical eddy diffusion coefficient, but the results did not seem to depend highly on this choice. The time step used in the model integration was 3 h.
In the first PWP run (referred to as PWP1a), the mixed layer properties were initialized using the first temperature and salinity profiles from the float, with surface properties forced using the NCEP fluxes and float-measured wind and precipitation. The mixed layer in the model was then allowed to evolve during the 10-d interval between float profiles, and at the end of each 10-d period the mixed layer properties were reinitialized using the new float profile data. Not surprisingly, the mixed layer structure in the 13-month model run (Fig. 12a,b) is similar to the observed properties shown in Figure 5b ,c, since the model was reinitialized to the observed temperature and salinity profiles at 10-d intervals. In both cases the seasonal thermocline and halocline deepen in the spring of 2005, during the northeast monsoon, and in both cases the stratification is strongest near the sea surface late in 2004 and in the second half of 2005. Below depths of 100 m there is little apparent seasonal variability in either the observations or the model.
We have attempted from this study to estimate the contribution of rainfall to the upper-ocean salinity field in the Bay of Bengal. To do this, the model was run a second time (referred to as PWP1b), with the rainfall set to zero; in this case, the surface salinity was reinitialized to the observed values at the times when profile data were available and evolved freely at other times. The salinity difference between PWP1b and PWP1a (i.e., PWP1b minus PWP1a) has been computed as a function of time and depth (Fig. 12c) , and as can be seen the effect of rainfall is usually confined to depths of 20 m or shallower; moreover, the contribution of rainfall can introduce sizable transients into the near-surface salinity field over the course of a few days, with a model freshening as large as 0.15 (PSS-78) occurring in response to some of the rain events observed late in 2005. The results shown in Fig. 12c give some feel for the degree of initial penetration of the rainfall signal into the surface ocean, but the surface freshwater flux does not have a large effect on the overall mixed layer structure because of the fact that the model is reinitialized every 10 d when a new profile is collected.
As a complementary study, we have carried out a second set of PWP runs where the model is initialized with the first float profiles of temperature and salinity at the beginning of the run and then allowed to run freely; once again, the surface boundary conditions were supplied using NCEP heat fluxes and the freshwater flux and wind stress derived from the PAL measurements on board the float (this run is referred to as PWP2a). In this case, the structure of the Fig. 9 . A scatter diagram showing the relationship between the PAL-derived winds and QwikScat winds during the 13-month period when the PAL operated. The PAL measurements cut off at a speed of 2.3 cm s 21 , and any value below this cutoff is reported as 2.3 cm s 21 . The straight line on the plot indicates a perfect one-toone correspondence between the axes. The data from 1732 sample points are shown here, with a correlation coefficient of 0.52 between the two wind measurements; this is significant at the 95% level. mixed layer evolved entirely because of the nature of the surface heat and freshwater fluxes and the variability of the wind. As can be seen in Fig. 13a,b , there is less overall variability in the temperature and salinity structure of the mixed layer in this run (compared with the PWP1 results), suggesting that the float-measured variability of temperature and salinity is not locally driven by wind and surface fluxes but instead derives from processes not included in the PWP model, most notably horizontal advection. Once again we have carried out an analogous run PWP2b, where the freshwater flux (rainfall) has been set to zero; the change in salinity between PWP2b and PWP2a (i.e., PWP2b minus PWP2a) was computed and has been plotted in Fig. 13c . As can be seen in this figure, the salinity at depths shallower than 80 m is strongly influenced by the freshwater flux at the sea surface, with salinity changes over the 13-month period as large as 0.7 (PSS-78); the changes in salinity occur especially rapidly in the autumn of both 2004 and 2005, when both the rainfall and wind are strongest, allowing the rainfall signal to be rapidly seen throughout the ocean mixed layer. Again, however (as with PWP1), this run is informative but serves mainly to illustrate the importance of mechanisms that are not included in the model. Surely horizontal advection must play a major role in determining the structure and properties of the surface mixed layer here, since the mixed-layer salinity shown in Fig. 13a continues to decrease over the entire 13-month period because of the continued flux of rainfall-derived freshwater at the sea surface (this should be compared with the observed upperocean salinity shown in Fig. 5b , where there is no obvious 13-month trend in upper-ocean salinity). The buildup of freshwater in the model (Fig. 13a) is a consequence of the fact that there is no mechanism for removing freshwater from the model other than by the weak evaporative surface heat flux and the seemingly weak entrainment of highersalinity water from below the mixed layer; hence the average mixed-layer salinity in the model continues to decrease. In reality, horizontal mixing with higher-salinity near-surface water is required to increase the local mixed-layer salinity; the near-surface salinity distribution shown in Fig. 2 suggests that water with salinities 0.521 (PSS-78) higher than those observed along the float path can be found only a few degrees of latitude to the south of the float position, suggesting that regular mixing with these waters could balance the input of freshwater at the sea surface.
Discussion
The seasonal cycles of heating and rainfall in the Bay of Bengal as seen by the profiling float used in this study suggest potentially important mechanisms for atmosphereocean feedback in this region. During the northeast monsoon, when rainfall is at a minimum and the seasonal thermocline in the ocean deepens (almost, though not quite, to the point of forming a warm surface mixed layer ,50 m thick), the ocean stores a substantial amount of heat. During the southwest monsoon (the wet season), freshwater at the sea surface inhibits vertical mixing, , derived from experiment PWP2. The model was forced using NCEP heat fluxes, PAL-derived rainfall and wind speed estimates, and near-surface CTD-derived temperature and salinity measured along the float trajectory. The model was initialized using the first measured profiles of temperature and salinity from the float and then allowed to run freely. Note the differences between this plot and the analogous parameters in Fig. 12. (c) The decrease in model salinity between experiment PWP2a and PWP2b vs. time and pressure (i.e., salinity values from PWP2b minus those from PWP2a). Note the changes in the salinity scale on panel (a) and the depth scale on panel (c) compared with Fig. 12. effectively sequestering the stored heat. What is the fate of this stored heat? It is difficult to assess this issue from measurements from a single float, but the possible answers to this question do raise issues for future study. One possibility is that the heat stored in the dry season simply diffuses back out into the atmosphere before the freshwater cap forms in the wet season. This would appear to be the simplest possible scenario for the ocean heat balance in the Bay of Bengal region. On the other hand, if the heat stored during the dry season is truly sequestered, then advection must carry it away from the Bay of Bengal to maintain long-term thermal equilibrium in the region. If this is what occurs, then it is of interest to know if, when, and how this stored heat might return to the atmosphere-ocean interface and influence the atmosphere.
Similar scenarios can be postulated for the freshwater balance in the region. The rivers of the region pour large amounts of freshwater in the Bay of Bengal, and during the wet season (southwest monsoon) large quantities of freshwater are added to the ocean via precipitation. How the ocean-atmosphere system maintains freshwater equilibrium in such a situation is unknown. Some freshwater is surely removed from the system via evaporation in the dry periods (northeast monsoon) during the annual cycle, and some of the freshwater must be carried away by the upperocean circulation; evidence for such advection can be seen in Fig. 2b , where low-salinity water, some of which must have originated in the Bay of Bengal, can be found well to the south of the bay, all the way to the equator in the eastern Indian Ocean.
A more detailed, quantitative assessment of the balances of heat and freshwater in this domain would seem to be crucial to improving coupled ocean-atmosphere models, essentially climate simulations, in the Indian Ocean region. As can be seen from the prototype data discussed here, a suite of profiling floats equipped with PAL sensors, with such floats distributed over the Bay of Bengal and western tropical Indian Ocean, would provide a good beginning for an ocean-atmosphere-climate monitoring program in the region. The standard Argo floats in the region, located at roughly 300-km spacing, already provide an excellent view of the temperature, salinity, and velocity field in the ocean. The addition of PAL sensors to several such floats would seem to be an excellent way to extend the usefulness of the Argo array to other climate studies. Of course, good wind and rainfall data from satellites are already available for the region, and these data sets should be exploited to the maximum degree possible to construct heat and freshwater budgets for the region. To the extent that a few individual storms might determine the balance of heat and freshwater over the annual cycle, the local nature of the float-based observations might be more useful in understanding these budgets.
The design of Argo floats and the Argo array have been optimized to provide global, subsurface estimates of temperature and salinity using floats that can last unattended for up to 5 yr. The PAL sensor package used here is not expensive, costing no more than a few thousand dollars, an addition of no more than about 20% to the cost of a profiling float. In addition to their worth in their own right, the PAL measurements have proven to be quite useful in validating the quality of the available satellite-based wind and rainfall data products for the Bay of Bengal.
It is tempting to try to conceive of a field and modeling effort that might constrain the ocean-atmosphere budgets of heat and freshwater in this region. A suite of floats, perhaps 20 or so, equipped with PAL sensors in the Bay of Bengal, could be used to construct maps of geostrophic circulation, temperature, salinity, rainfall, and wind speed, with satellite-based wind products used to estimate the wind direction. Ship-based fine-structure surveys could attempt to quantify small-scale mixing in the ocean. From these measurements, the requisite budgets could be evaluated and the fate of the atmospheric inputs of heat and freshwater determined, and a more extensive modeling effort with PWP-like simulations carried out over the domain could allow constraints to be placed on the strength of horizontal mixing and vertical entrainment, quantities that cannot easily be estimated by other means. The potential improvements in monsoon forecasts and climate models resulting from such an observational program could lead to improvements in many areas beyond purely scientific advancement in a region where the cycles of life and the monsoons are so closely related.
